We studied the level(s) at which glutamate dehydrogenase (GDH; EC 1.4.1.2) expression is regulated in the livers of fed male and female rats. The cellular content of GDH mRNA, protein, and enzyme activity was determined quantitatively using image analysis for measnrement of the absorbance in consecutive serial sections that were processed for in situ hybridization, immunohistochemistry, and enzyme histochemistry. In both males and females, GDH protein and activity patterns were similar, with peci"al dues being twice as high as periportal values. GDH mRNA distribution patterns in female liver lobules reflected those of GDH protein and activity, but GDH mRNA distribution patterns in male rat livers were found to be homogeneous owing to a more than twofold lower cellular mRNA content in pericentral zones than in female rats. We condude that gender aEects GDH expression selectidy in periCentral zones at posttranscriptional and pretranslational levels. (JHisro-&em Cgrochem 441153-1159, 19%) 
Introduction
Glutamate dehydrogenase (GDH; EC 1.4.1.2) catalyzes both the reductive conversion of ammonium nitrogen into organic nitrogen (production of glutamate) and the oxidative deamination of glutamate (production of a-oxoglutarate), thereby linking carbohydrate metabolism to nitrogen metabolism (Meijer et al., WO) , as follows: a-Oxoglutarate + NAD(P)H + NH4 Z Glutamate + NAD(P)' + H2O
In mammals, GDH is localized in mitochondria and is able to utilize both NAD and NADP as co-enzymes. Although GDH is a ubiquitous enzyme, its concentration varies markedly, with relatively high concentrations in liver, brain, kidney, and pancreas (Herzfeld, 1972) . In the liver of rat and human, GDH is expressed exclusively in hepatocytes and can be detected as soon as the liver diverticulum becomes recognizable at 11 days of embryonic development (Gaasbeek-Janzen et al., 1988) . GDH activity increases several-fold during prenatal development and reaches its adult level at 2 weeks after birth (Lamers and Mooren, 1981) . In adult rat and human liver, the cellular GDH concentration depends on the position of the hepatocytes in the liver lobule (Meijer et al., 1990) .
Heterogeneity of metabolic functions in the liver is dynamic rather than static and is regulated at transcriptional, translational, and posttranslational levels (Jungermann, 1995; Van Noorden and Jonges, 1995; Gebhardt, 1992) . Under steady-state conditions, differences in posttranscriptional control of gene expression can be deduced from a comparison of (the distribution patterns of) mRNA and enzyme activity. Such differences have not yet been reported for GDH. Therefore, the issue of distribution patterns of GDH in rat liver lobules was reinvestigated in the present quantitative study at three different levels of expression (mRNA, protein, and activity) with in situ hybridization, immunohistochemistry, and enzyme histochemistry using image analysis. Liver lobules of male and female rats were analyzed to determine whether there are gender-dependent differences in the expression pattern of GDH. Biochemical methods allow quantitative characterization of functional properties of tissues, cells, and their organelles, but topographical aspects are lost. Histochemical techniques are applied to address such topographical issues, but a quantitative approach in histochemistry is still not widely applied.
Materials and Methods
Production of Anti-GDH Antibodies. A PstI fragment of the nearly full-length GDH cDNA (Das et al., 1989) . containing sequences coding for amino acids 24-382 (nucleotide positions 136-1215 of the mRNA), was cloned in the expression vector pEX (Stanley and Luzio, 1984) . This construct was expressed in the E. cofi strain pop2316 (Vidd-Ingigliardi and Raibaud, 1985) and the resulting p-galactosidase-GDH fusion protein was isolated as described (Stanley and Luzio, 1984) . Polyclonal anti-GDH antibodies against this fusion protein were raised in rabbits according to a protocol previously described (Charles et al., 1980) . To raise antibodies, 300 mg protein emulsified with Freund's complete adjuvant (l:l, v/v) was injected IM. After 4 weeks an SC booster injection of 100 mg protein emulsified with Freund's incomplete adjuvant (1:1, v/v) was given. This booster was repeated every 2 weeks. One week after each booster, antiserum was prepared from blood obtained from the ear vein and specificity was tested /on Western blots of rat liver extracts by standard procedures.
Animals and Tissue Preparation. Three adult male (300-350 g) and three adult female (200-250 g) Wistar rats were obtained from HSD Animal Farm (Zeist, The Netherlands). The animals were exposed to a controlled dark-light cycle (light 0700-1900 hr) throughout the acclimatization period of at least 1 week. Animals had free access to food (standard chow diet, RMH1410; Hope Farms, Woerden, The Netherlands) and water. Animals were sacrificed between 0900 and 1000 hr to avoid chronobiological variations. Surgical instruments were cleaned with diethyl pyrocarbonate (0.1% in 96% ethanol) (DEPC; BDH, Poole, UK) before use to protect the tissues against RNAses. The rats were lightly anesthetized with C02/02 before sacrifice. After decapitation, the abdominal cavity was opened and the liver was removed within 30 sec. Liver fragments were placed in screwcapped aluminum vials and immediately frozen in liquid nitrogen. The frozen material was stored at -70°C until further use. The motor-driven cryostat (Adamas; Leersum, The Netherlands) was cleaned with DEPC. Serial sections (8 pm) were cut and picked up individually onto clean glass slides.
In Situ Hybridization. Pretreatment and hybridization with rRNA probes were performed as described . After hybridization, sections were treated with RNAse A (10 mglml) (Sigma; St Louis, MO) in 10 mM Tris-HCI (pH 8.0), 0.5 M NaCI, 5 mM EDTA for 30 min at 37°C. After the final wash, sections were processed for autoradiography as described . Plasmids b blue script; Stratagene, San Diego, CA) containing cDNA corresponding to mRNA of rat GDH (Das et al., 1989) . glutamine synthetase (GS) (Van de Zande et al., 1990) , and phosphoenolpyruvate carboxykinase (PEPCK) (Yoo-Warren et al., 1983) , were transcribed in vitro using [u-~'S]-UTP and T3 or T7 RNA polymerase (Promega; Leiden, The Netherlands) (Melton et al., 1984) . Resulting cRNA probes contained sequences complementary to positions 235-1260 of the GS cDNA and to the nearly full-length cDNAs of GDH and PEPCK. The fragment length of these cRNA molecules was adjusted to 100-200 nucleotides by limited alkaline hydrolysis (Cox et al., 1984) . The results obtained with in situ hybridization of GS mRNA and PEPCK mRNA confirmed previously described distribution patterns .
Immunohistochemistry. For immunohistochemical localization of GDH. cryostat sections were cut and picked up individually onto glass slides and immediately fixed in a mixture of methanol-acetone-water (2:2:1, vlv) for 15 min. Sections were briefly rinsed in 10 mM PBS and incubated in PBS containing 0.3% (vlv) H202 for 30 min to inactivate endogenous peroxidase. Sections were rinsed again in PBS and pretreated with 3% bovine serum albumin in PBS (30 min) to minimize nonspecific staining. Sections were incubated overnight using the polyclonal rabbit anti-GDH serum (1:lOOO in PBS). The indirect unconjugated peroxidase-anti-peroxidase (PAP) technique with 3,Y-diaminobenzidine as substrate was used to visualize the antigen-antibody binding as previously described (Gaasbeek-Janzen et al., 1984) . Control incubations were performed by replacing the primary antibody with preimmune rabbit serum at the same dilution.
Enzyme Histochemistry. The maximal activity (capacity) of GDH was determined by enzyme histochemistry on unfixed cryostat sections with an incubation medium containing 10% (wlv) polyvinyl alcohol (PVA. average M, 70,000-100.000; Sigma) and 100 mM glutamate (Sigma) as substrate. Enzyme activity was visualized by conversion of nitroblue tetrazolium (NBT; Sigma) into its water-insoluble formazan precipitate. For a detailed description of the histochemical procedure, see Van Noorden and Frederiks (1992) . Activity was determined in a heated room (37°C) and incubations lasted for exactly 2 min. PVA medium was removed with warm running tapwater. Sections were washed in acidified PBS (pH 3.5) to prevent further formazan production (Wenk and Seidler. 1983 ) and mounted in glycerol jelly.
Image Recording. Images of consecutive liver sections after in situ hybridization, immunohistochemistry, and enzyme histochemistry were recorded as previously described Uonker et al., 1995; Chieco et al., 1994) . Briefly, a cooled CCD camera (Photometrics; Tucson, Ai!) attached to an Axioplan microscope (Carl Zeiss; Oberkochen, Germany). a stabilized power supply, and an infrared blocking filter were used. mRNA distribution patterns were recorded using white light. GDH protein distribution patterns (DAB precipitate) were recorded with a 480-nm filter and GDH activity patterns (formazan precipitate) were recorded at the isobestic wavelength of NBT formazans (585 nm) (Butcher. 1978) . Images were captured with a PMIS program (Photometrics) and were stored on a DOS computer. The digital images obtained were corrected for background and transformed into absorbance images using a calibration curve. Image analysis was performed on a Sun Sparc 1 + computer (Sun Microsystems; Nederland, Amersfoort, The Netherlands) and a Macintosh Power PC 6100. The NIH image software program !written by Wayne Rasband (US National Institutes of Health) and available via Internet by anonymous ftp from zippy.nimh. nih.gov] was used to determine density and absorbance values in periportal and pericentral zones of normally fed male and female rat livers.
Image Analysis. Measurements of in situ hybridization signals in cryostat sections of livers of various thicknesses incubated with the same probe in the same experiment (i.e., identical exposure time and identical developmental time of the photographical emulsion) were found to reflect cellular mRNA levels under well-defined conditions (Leeuw and Pette, 1994; Jonker et al.. unpublished results) .
Absorbance measurements of immunohistochemically detected proteins have been shown to be valid for quantitative analysis (Van Raamsdonk et al., 1994; Sternberger and Sternberger. 1986; Nibbering et al., 1985; Pool et al.. 1984) and were performed on serial cryostat sections adjacent to those used for in situ hybridization and enzyme histochemistry.
GDH activity was measured after 2 min of incubation. Images were digitally recorded immediately after incubation. Absorbance readings were converted to pmol glutamate converted per min per cm3 liver according to Van Noorden and Frederiks (1992) by taking the molar extinction coefficient (k) of nitro BT as k = 16,000 ].mol-' at 585 nm (Butcher. 1978) . Results were tested statistically for differences using the Student's t-test. and p = 0.05 was regarded as level of significance.
Results

GDH Antibody
In mitochondria, GDH protein consists of six identical mature subunits with a molecular mass of 56 KD each (Smith et al., 1975) . Figure 1 shows that the antibodies raised against the P-galactosidase-GDH fusion protein bound specifically to the GDH monomer of in serial cryostat sections that were stained immunohistochemically with this antibody showed that measurements were independent of section thickness ( Figure 2B ). Variation of the incubation time to visualize peroxidase activity showed that the maximal amount of DAB was precipitated after approximately 10 min of incubation (Figure 2A ). No further increase in the amount of DAB precipitate was found after longer periods of incubation. It was concluded that 10 min of incubation could be safely used to demonstrate peroxidase activity (Figure 2 ) and that small variations in section thickness and incubation time did not affect the results obtained with the immunohistochemical method. These results were in agreement with previously reported quantitative immunohistochemical studies (Nibbering et al., 1985; Pool et al., 1984;  Van der Ploeg et al., 1973) .
GDH Distribution Patterns
The localization of glutamine synthetase was used for identification of central veins in both female and male rats ( Figures 3A and 4A ).
Livers of Female Rats
GDH mRNA showed a heterogeneous distribution pattern. Highest concentrations of GDH mRNA were present in a small rim of he- patocytes (one to three cell layers thick) around the central veins, resulting in a clear central-to-portal GDH mRNA gradient (Figure 3B) . Analysis of immunohistochemically stained sections showed that the same small rim around central veins contained higher GDH protein concentrations (Figure 3C) . GDH activity patterns ( Figure  3D ) also showed a central-to-portal gradient.
Livers of Male Rats
GDH mRNA distribution patterns in liver lobules of fed males were different from those in fed female rats. In male rats, GDH mRNA was homogeneously distributed over liver lobules (Figure 4B) . whereas GDH protein distribution patterns were distinctly heterogeneous (Figure 4C) . with high concentrations of GDH in areas around central veins. GDH activity patterns (Figure 4D) were similar to GDH protein distribution patterns. GDH protein (C) . and ure 5. In female rats, pericentral zones contained 2.5-fold higher amounts of GDH mRNA than periportal zones ( Figure 5A ). In male rats, GDH mRNA levels in pericentral and periportal zones were similar to periportal mRNA levels in female rats ( Figure 5A ). GDH protein concentrations in males and females were similar and were approximately twice as high in pericentral zones as in periportal 
GDH activity
Female Male n Periportal -Pericentral Figure 5 . GDH expression in periportal and pericentral zones of fed female (left panels) and male (right panels) rat livers after in situ hybridization (A), immunohistochemistry (E), and enzyme histochemistry (C). Absorbance values were corrected for nonspecific background in vessels and/or connective tissue. Enzyme activity measurements were corrected for nonspecific "nothing dehydrogenase" activity. Activity was calculated using the Lambert-Beer q u ation, A = 6.c.d, with E = 16,000 as molecular extinction coefficient for nitro-BT formazan at 585 nm and d = 8 rm, which is the section thickness. Pericentral zones were defined as the GS-positive area, while periportal zones are a similar area around the portal tract. * Statistical significance w0.05.
zones (Figure 5B) . Enzyme activity in pericentral zones was also approximately twice as high as in periportal zones of both female and male rats (Figure 5C ). GDH proteinlmRNA ratios and GDH activity/protein ratios in periportal and pericentral zones are shown in Figure 6 . In females, no significant differences in the ratios were observed between periportal and pericentral zones. In males, however, the pericentral GDH protein/mRNA ratio was significantly higher than the periportal ratio ( Figure 6A ). 
Discussion
We have studied the distribution pattern of the products of GDH gene expression on consecutive serial cryostat sections by in situ hybridization, immunohistochemistry, and enzyme histochemistry. In this way it became possible to correlate different expression patterns within the same liver lobule and to determine the level at which the heterogeneity in these patterns is regulated. Direct comparison of GDH expression patterns between the two sexes was possible because care was taken that the same conditions, i.e., same probes, antibody solutions, and/or enzyme incubation media, were applied to all staining procedures. Furthermore, interexperimental variation was kept to a minimum by calculating the ratio of the absorbances of periportal and pericentral zones for each individual section. GDH mRNA distribution patterns in rat liver have been previously described, and distinct central-to-portal gradients were reported (Wagenaar et al., 1993; Moorman et al., 1990) . As far as we know, only livers of female rats were investigated in those studies. Our quantitative data on the heterogeneous mRNA distribution pattern in lobules of female rats are in agreement with the distribution patterns previously reported. The homogeneous mRNA distribution in lobules of male rats has not been reported thus far. Because only one gene for GDH is present in rat (Das et al., 1993) , the observed gender-dependent differences in GDH expression must arise from differential expression of this single GDH gene. Furthermore, the two GDH mRNAs that are expressed in liver and that differ in the length of their 3'-untranslated region only (Das et al., 1993) have a similar expression pattern, as was demonstrated in adult female rats with specific probes against the 3'-untranslated region (AT Das. unpublished results). The observed heterogeneous GDH mRNA distribution pattems in liver lobules of female rats reflect differences in either transcriptional activity and/or mRNA stability in periportal and pericentral zones. Our approach does not allow discrimination between these possibilities. In a parallel study, it was shown that quantitative in situ hybridization, when performed under well-controlled conditions, is as valid as the wellknown and widely accepted quantitative techniques such as Northem blot analysis and dot-blot hybridization Uonker et al., unpublished results). Therefore, we wish to emphasize here that our quantitative data are a true reflection of the mRNA distribution pattems in the liver sections. Moreover, Leeuw and Pette (1994) also found that quantification of in situ hybridization signals can be valid when all staining procedures are rigidly controlled and standardized. Our absorbance measurements show that the GDH mRNA content in pericentral zones of female rats is indeed higher compared with the GDH mRNA content in pericentral zones of male rats (Figures  5 and 6) . The regulation and the mechanism(s) by which this higher pericentral GDH mRNA content is achieved are not known, but sex hormones are obvious candidates. Differences in GDH mRNA content between hepatocytes in pericentral zones of males and females reflect a regulation mechanism at posttranscriptional and pretranslational levels. There have been previous reports of genderspecific expression patterns of mRNA and enzyme activity in rat liver (Furuya et al., 1994; Galan et al., 1994; Teutsch and Lowry, 1982; Wimmer and Pette, 1979) . However, in these studies the level at which regulation existed could not be established. As far as we know, no previous reports have been published concerning genderdependent differences at the mRNA level with concomitant identical distribution patterns of protein and activity. The GDH activity/protein ratio (Figure 6B) showed that the molecular activity of GDH in periportal and pericentral zones in both female and male rat livers was comparable. The higher GDH protein concentrations and GDH activity levels in pericentral zones in the livers of both male and female rats confirm previous reports (Maly and Sasse, 1991; Wimmer and Pette, 1979; Novkoff, 1959; Shank et al., 1959) . Heterogeneous GDH protein patterns reflect differences in local translational activity, differences in protein stability, or a combination of both.
In conclusion, it cari be stated that gender selectively affects GDH expression in pericentral zones at the posttranscriptional and the pretranslational level.
